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Sphingolipids are implied in several regulatory processes, including cell death. Levels of the free
sphingobase t18:0 (phytosphingosine) increase in Arabidopsis in response to the bacterial pathogen
Pseudomonas syringae. To gain information on sphingobase-induced signaling, we determined
kinetics of leaf reactive oxygen species (ROS) levels and cell death in response to speciﬁc sphingo-
bases. t18:0, d18:0 and d17:1, but not d20:0, induced ROS and cell death within 1.5–2 h. Early
sphingobase-induced ROS production was independent of cell death induction and required the
NADPH oxidase Respiratory Burst Oxidase Homolog D (RBOHD). Speciﬁc sphingobases can therefore
induce cell death and require RBOHD for early ROS induction in plants.
 2011 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights reserved.1. Introduction
Sphingolipids (SPLs) are present in all eukaryotes. Typically, they
form amphiphilic conjugates, which are composed of a polar head-
group linked to a relatively large hydrophobic moiety, known as
ceramide, which is composed of an N-acylated sphingoid or long-
chain base (LCB) amide-linked to a fatty acid [1,2]. Sphingolipids
are essential components of cellular membranes, and have been
shown in yeast and other organisms to regulate stress responses,
cell proliferation and apoptosis [3–5]. In plants, sphingolipid pro-
ﬁles have been determined for several species including the model
plant Arabidopsis thaliana [6–10]. Plant sphingolipids have been
linked to controlling cell death in functional studies, e.g., a mutant
defective in a sphingosine transfer protein showing accelerated cell
death (acd11) [11], and fbr11-1, a mutant defective in the long chain
base 1 subunit (LCB1) of serine palmitoyltransferase (SPT), showing
attenuated cell death in response to the fungal inhibitor of cera-
mide synthase, Fumonisin B1 [12].
Programmed cell death (PCD) is used by plants to defend them-
selves against biotrophic or semibiotrophic pathogens [13–15]. In
case of avirulent interactions, effectors delivered by speciﬁc path-
ogen strains during the infection process are recognized by the
host plant and lead to a hypersensitive response (HR), a form of
localized PCD stopping pathogen spread. In virulent interactions,
a speciﬁc pathogen strain is able to suppress this host response
and thereby successfully colonize the plant.chemical Societies. Published by E
F. Waller).Sphingolipidomic proﬁling revealed that Arabidopsis leaves
accumulate the free sphingobase phytosphingosine (t18:0) as
early as 1 h after inoculation with virulent and avirulent strains
of Pseudomonas syringae pv. tomato (Pst) [16]. Subsequently,
levels of t18:0 are speciﬁcally elevated in case of avirulent Pst
strains which elicit a strong PCD response in the leaf [16]. There-
fore, levels of t18:0 may play a role in the plants’ signal
transduction process which leads to cell death in response to
pathogen attack.
Reactive oxygen species play an important role in regulating PCD
in plants [17] and LCB application was shown to increase ROS levels
in plants [12]. To establish putative signal transduction events
‘downstream’ of elevated free LCBs, we determined the kinetics of
LCB-induced ROS production and cell death in Arabidopsis leaf discs.
In addition,weused amutant defective in theNADPHoxidaseRespi-
ratory Burst Oxidase Homolog D (RBOHD) to test for functional
requirement of this enzyme for LCB-induced ROS production.
2. Materials and methods
2.1. Plant material, chemical compounds and pathogen strains
All A. thaliana plants were in the Col-0 background. The respira-
tory burst NADPH oxidase homolog D (rbohD) mutant [18] was
obtained from the Nottingham Arabidopsis Stock Center [19]. For
pathogen treatment, the virulent strain Pseudomonas syringae
pathovar tomato DC3000 and the avirulent strain carrying avrRpm1
were used. Growth conditions and chemicals were as described in
Peer et al. [16].lsevier B.V. All rights reserved.
Fig. 1. Time course analysis of cell death induction in A. thaliana leaves after
inoculation with free sphingobases. Leaf discs were immersed in a solution
containing 100 lM of sphingobases or H2O (control). Cell death was measured as
conductivity of the solution. hpi: hours post infection. Values are means of four
independent samples each consisting of 16 leaf discs, with error bars representing
standard deviation.
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All sphingolipid stock solutions were prepared at 1 mg/ml in
Methanol and dissolved to working concentrations in DMSO. Cell
death was measured with leaf discs ﬂoating on H2O with 2% DMSO
and the respective sphingolipids or in H2O with 2% DMSO alone
(control). Leaf discs (5 mm diameter) were punched from
6-week-old plants with a biopsy puncher and equilibrated ﬂoating
on H2O for 3 h before treatment.
For cell death measurements, 16 discs were transferred into 2%
DMSO with or without respective sphingolipids and conductivity
of the solution wasmeasured using a B-173 TwinCond conductivity
measurement device (Horiba, www.horiba.com) at indicated time
points. After 24 h, leaf discs and respective solutions were heated
in closed glass vials at 100 C for 2 h, and conductivity-representing
100% cell death- determined after cooling to room temperature.
ROS production of leaf discs was measured as chemilumines-
cence in a Luminol-based assay [20]. Single leaf discs were placed
in wells of a 96-well plate. Each well contained 90 ll solution con-
taining H2O supplied with 50 lM Luminol and 1 lg horseradish
peroxidase (Sigma–Aldrich), to which 10 ll of the test solution
was added. Test solutions contained respective sphingobases or
ceramides dissolved in 2% DMSO or 2% DMSO alone for the control
treatment. For tests involving bacteria, respective Pseudomonas
strains were added to a ﬁnal bacterial density of OD600 = 0.04.
Luminescence was continuously measured for 6 h with a lumino-
meter (Perkin–Elmer 1450 Micro Beta Jet Luminescence Counter),
with serial luminescence counts of 2 s per well.
2.3. Analysis of sphingolipids
Single phase extraction and quantitative analysis of sphingoli-
pids were carried out according to published methods [21–23]
using UPLC-MS/MS exactly as described in Peer et al. [16]. Leaves
were inﬁltrated with solutions containing 50 lM of t18:0 or
d18:0 and harvested immediately after inﬁltration (5 min;
‘0 h’), or after 2 h or 5 h.3. Results
3.1. Speciﬁc free sphingobases induce cell death in Arabidopsis leaves
Conductivity measurements showed an increase in cell death
1–2 h after ﬂoating of leaf discs on a solution of 100 lM of each
of the free LCBs t18:0, d18:0 and d17:1, while d20:0 did not induce
cell death (Fig 1). Compared to mock (control) treatment, conduc-
tivity was signiﬁcantly elevated (Students t-test P < 0.05) already
at 1 h for t18:0 and at 2 h for d18:0 and d17:1. After 24 h, cell death
levels reached about 17% for d17:1 and t18:0, and about 7.5% for
d18:0 treatment.
3.2. Speciﬁc free sphingobases induce production of reactive oxygen
species (ROS) in Arabidopsis leaves
We determined the production of ROS in an in vivo leaf disc
assay over time. Amounts of H2O2 were measured as chemilumi-
nescence of luminol present in the solution containing 100 lM of
speciﬁc sphingobases or H2O (control treatment). The free sphingo-
bases t18:0, d18:0 and d17:1 induced the production of ROS, but
not d20:0 (Fig 2A). In several independent experiments, ROS levels
of t18:0, d18:0 and d17:1 treated leaf discs were signiﬁcantly
(Students t-test P < 0.05) higher than respective control treatments
about 60-90 min after start of the treatment. We also tested ROS
production after treatment with the respective phosphorylated
free sphingobases t18:0-P and d18:0-P, as well as complexsphingolipids d18:0-c24:0, t18:0-c24:1 and t18:0-c18:0. Both,
phosphorylated free sphingobases and complex sphingolipids,
were not able to induce the production of ROS (Fig 2B).
To compare the timing of ROS induction by virulent Pseudomo-
nas syringae pv. tomato (Pst) DC3000 or avirulent Pst (avrRpm1), we
used the same leaf disc assay as for the sphingolipid tests above:
For the avirulent interaction a transient increase was recorded
between 90 and 130 min, while virulent bacteria triggered a steady
increase of ROS starting about 180 min after inoculation (Supple-
mentary Fig. 1).
3.3. Sphingobase-induced ROS production requires the NADPH oxidase
RESPIRATORY BURST OXYDASE HOMOLOG D (RBOHD)
We tested ROS production after sphingobase treatment of leaf
discs of Col-0 and rbohD mutant plants. None of the tested free
sphingobases t18:0, d18:0 or d17:1, which induced ROS in Col-0,
were able to induce the production of ROS in the rbohD mutant
(Fig 3). Cell death induction, on the other hand, was induced by
the free sphingobases t18:0, d18:0 and d17:1 in the same way as
in wild type plants (Supplementary Fig. 3).
4. Discussion
Sphingolipids regulate cell faith in many species by having an
impact on differentiation, proliferation and apoptosis [24,25]. In
plants, a role of sphingolipids in cell death regulation became evi-
dent for speciﬁc pathogenic fungi which manipulate sphingolipid
metabolism by producing the sphingolipid-like virulence factors
Fumonisin B1 and AAL-toxin. These compounds induce elevated
t18:0 and d18:0 levels in the plant and increase cell death in the
leaf [26]. We have recently shown that recognition of avirulent
strains of the bacterial pathogen Pseudomonas syringae pv. tomato
(Pst) in Arabidopsis leaves induces higher levels of the free
sphingobase t18:0 as fast as 1 hpi with sustained higher t18:0 lev-
els 5–24 hpi [16]. This change in sphingobase levels correlates with
programmed cell death (PCD) reactions triggered as a defence
reaction 4–7 hpi [27,28] of the host plant. As free sphingobases
(LCBs) are able to trigger cell death [12] we postulated that t18:0
could be a signal inducing PCD in the defence response.
Leaf tissue staining revealed that free sphingobase treatment
induces macroscopically visible cell death in Arabidopsis leaves
Fig. 2. Time course analysis of reactive oxygen species (ROS) production in A.
thaliana leaves after inoculation with free sphingobases. Leaf discs were immersed
in a solution containing 100 lM of the sphingobases d17:1, d18:0, d18:0-P, t18:0,
t18:0-P, d20:0, the ceramides d18:0-c24:0, d18:0-c24:1, d18:0-c18:0, or H2O
(control). Shown are two independent experiments, with (A) showing the free
sphingobases and control only, and (B) showing the whole set of tested compounds.
Relative light units (RLU) are proportional to the amount of ROS produced. Values
are means of 7–8 samples, with error bars representing standard deviation.
Fig. 3. Time course analysis of reactive oxygen species (ROS) production in leaves of
A. thaliana Col-0 and rbohD plants after inoculation with free sphingobases. Leaf
discs were immersed in a solution containing 100 lM of the sphingobases d17:1,
d18:0, t18:0, or H2O (control). Relative light units (RLU) are proportional to the
amount of ROS produced. Values are means of 7–8 samples, with error bars
representing standard deviation.
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[12]. As reactive oxygen species are important signals in response
to pathogen recognition and the HR [17] we tested in living leaf
discs how fast free sphingobases were able to induce ROS to estab-
lish an exact time course of LCB-induced ROS production and cell
death.
Elevated ROS levels were induced by t18:0 as early as 1 h after
application (Fig 2A). Application of the free sphingobases d17:1
and d18:0 had a similar effect as t18:0, while d20:0 did not induce
ROS production. The same pattern was observed for the induction
of cell death as assessed by ion leakage. While the effect of d18:0
could be explained by a fast conversion to t18:0 by the activity
of sphingobase hydroxylase 1 and 2 [16,29], d17:1 is not present
in signiﬁcant amounts in Arabidopsis leaves [2,22]. d17-sphingo-
bases are no major sphingobases in plants and are only minor com-
ponents in yeast or speciﬁcally differentiated animal cells [30,31].
Nevertheless, exogenously d17:0 was shown to be taken up by
Arabidopsis cells, and can be metabolized to d17:1 and complex
sphingolipids in vivo [32]. Another possibility could be that the
allylic alcohol formed by the C3 hydroxyl group and the delta 4
double bond in d17:1 structurally resembles t18:0 with its C4hydroxyl group. In any case, not only free sphingobases present
in Arabidopsis are able to trigger ROS and cell death, but also the
free sphingobase d17:1 not produced in this species.
Previously it was shown that not only elevated levels of free
sphingobases, but also the ratio of phosphorylated and respective
non-phosphorylated free sphingobases can determine the induc-
tion of cell death [12,33]. In line with the published negative
effects of phosphorylated sphingobase species on ROS production,
we observed that phosphorylated t18:0, d18:0 and d17:1 were not
able to induce ROS as the respective non-phosphorylated bases
(Fig 2B).
We show that speciﬁc free sphingobases which are upregulated
after Pst infection can trigger ROS production and cell death within
1–2 h after application. ROS production is known to be a fast
response of plants after recognition of a pathogen. Avirulent patho-
gens which are recognized by the plant trigger a typical biphasic
apoplastic H2O2 accumulation, with a ﬁrst low-amplitude and a
second higher amplitude sustained response [34]. Beside direct
effects of ROS, e.g., chemical modiﬁcations of the cell wall, ROS
are important signals that regulate different aspects of defence
responses in plants. NADPH oxidases are major enzymes responsi-
ble for ROS production in plants, and speciﬁc NADPH oxidases have
been shown in mutant approaches to be required for pathogen-
induced ROS production [35]. Speciﬁcally, Arabidopsis respiratory
burst oxidase homologue D (RBOHD) is involved in the production
of ROS in response to inoculation with avirulent Pseudomonas
syringae strains [18]. To determine if this enzyme is also required
for sphingobase-induced ROS production, we tested the response
of the rbohD mutant to sphingobase application (Fig 3). t18:0,
d18:0 and d17:1, which induce ROS in wild type plants, were not
able to trigger ROS production in the mutant, indicating the
requirement of this speciﬁc NADPH oxidase for this response trig-
gered by free sphingobases. Cell-death induction by these three
sphingobases was not compromised in the rbohD mutant
(Supplementary Fig. 3). This result – together with the timing of
ROS production – shows that the observed sphingobase-induced
ROS production is not a secondary effect of cell death, but a
response triggered by elevation of free sphingobase levels. It still
has to be determined which downstream responses are regulated
by RBOHD-produced ROS, and which role other NADPH oxidases
play, as only about 10–15% of the total cell death response induced
by Pst is affected in rbohD [18].
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leads to ROS production? Analogous to the G-protein coupled
sphingosine-1-phosphate (S-1-P) receptor (GPCR) characterized
in animals [36–38], it is possible that a receptor for free sphingo-
bases exists in plants. Yet, only a putative plant receptor like this
(GCR1) has been described, possibly involved in mediating S-1-P
signaling in stomatal aperture [39,40]. Also, signal-dependent
changes of free sphingobases, as observed in this study, could lead
to changes in the composition of speciﬁc complex sphingolipids or
in their phosphorylation levels [41]. Indeed, inﬁltration of d18:0
and t18:0 not only increased levels of the respective free bases,
but also led to 5–10 fold higher levels of several complex sphingo-
lipids (Supplementary Fig. 2). We also tested whether ceramides,
among them d18:0-10:0, t18:0-18:0 and d18:0-18:0, were able
to induce ROS, but did not detect any effects of these compounds
(Fig 2B). Still, other complex sphingolipids could be active, or the
tested compounds could not reach their cellular targets due to
their different solubility or different uptake mechanisms.
Alternatively, the free sphingobases activating ROS signaling
could directly or indirectly inﬂuence the activity of RBOHD: Direct
physical interactionsof sphingolipids havebeendescribed, e.g., with
the plasma membrane proteins caveolin-1 (CAV1) and nicastrin
(NCSTN) in CHO cells [42]. Also, sphingolipids are able to modify
receptor-ligand interactions and affect downstream signaling [43].
Indirect effects of RBOHD activity could result from differential
recruitment of RBOHD-interacting proteins in speciﬁc membrane
microdomains, lipid rafts. Sphingolipids are major components of
these membrane microdomains which can be isolated as deter-
gent-resistantmembranes [44–47]. RBOHD is localized in lipid rafts
[48], and changes in composition of ‘raft sphingolipids’ could inﬂu-
ence the recruitment of molecular components interacting with
RBOHD. Saucedo-Garcia et al. [49] recently showed that PCD induc-
tion by d18:0 and t18:0 requires the mitogen-activated protein
kinase MPK6. As RBOHD activity is regulated by phosphorylation
[50], and MPKs are plasma-membrane localized and upstream of
NADPH oxidases in some pathogen responses [51], this raises the
possibility that sphingobases activate MPK6, and MPK6-dependent
phosphorylation regulates RBOHD activity. A model explaining the
mechanism of RBOHD activation by free sphingobases would also
have to take into account that both intrinsic and extrinsic LCBs (such
as d17:1) can trigger ROS production and cell death.
We show here that artiﬁcial elevation of speciﬁc free sphingo-
base levels triggers ROS production and cell death within
1.5–2 h, correlating with pathogen-induced elevation of sphingo-
base levels and PCD reactions [16]. In addition, we show that early
sphingobase-induced ROS production –a putative signal transduc-
tion pathway- is independent of cell death induction and requires
the enzymatic activity of the NADPH oxidase RBOHD.
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